Introduction {#s1}
============

Dynamic regulation of synaptic α-amino-3-hydroxy-5-methyl-4-isoxazolepropionic acid receptors (AMPARs) has emerged as a critical mechanism underlying multiple forms of synaptic plasticity across many brain areas. AMPARs are the main excitatory postsynaptic glutamate receptors in the central nervous system (CNS), and are comprised of 4 subunits (GluA1--4 or GluR1--4; see Table [1](#T1){ref-type="table"}), which combine into tetrameric functional ligand-gated ion channels \[reviewed in (Traynelis et al., [@B118])\]. The assembly of AMPARs occurs via a dimer-of-dimers, such that in most brain areas the predominant AMPARs are hetero-tetramers comprised of GluA1-dimers and GluA2-dimers (i.e., GluA1/GluA2 heteromers) \[reviewed in (Traynelis et al., [@B118])\]. The majority of AMPARs in the mammalian CNS contains the GluA2 subunit, which has undergone RNA editing of the glutamine 607 at the pore loop to an arginine (Sommer et al., [@B107]; Burnashev et al., [@B16]). The positive charge under physiological pH and the bulkier side chain of the arginine confers GluA2-containing AMPARs with their generic properties, such as impermeability to Ca^2+^, linear current-voltage (I--V) relationship, and insensitivity to polyamines \[reviewed in (Liu and Zukin, [@B70])\]. However, a subpopulation of AMPARs lacks the GluA2 subunit, and display Ca^2+^ permeability, sensitivity to polyamines, and inward rectification of current (Hollmann et al., [@B44]; Bowie and Mayer, [@B13]; Donevan and Rogawski, [@B26]). The latter two properties are due to the interaction between the positively charged polyamines to the negatively charged side chain of the glutamine 607 in the pore region. The binding of polyamines to the pore region predominantly occurs at depolarizing membrane potentials, and prevents outward current through the GluA2-lacking CP-AMPARs. Initially, GluA2 lacking CP-AMPARs were characterized only in a subsest of interneurons (McBain and Dingledine, [@B83]; Bochet et al., [@B12]; Otis et al., [@B88]; Isa et al., [@B48]; Washburn et al., [@B124]), but recent studies indicate that they are present at pyramidal cell synapses under specific conditions \[reviewed in (Isaac et al., [@B49]; Liu and Zukin, [@B70])\]. These studies highlight that synaptic CP-AMPAR population is highly regulated, and depend on neuronal activity (Isaac et al., [@B49]; Liu and Zukin, [@B70]).

###### 

**Nomenclatures of AMPAR subunits**.

  **IUPHR subunit nomenclature**   **Other common names**   **Human gene name**
  -------------------------------- ------------------------ ---------------------
  GluA1                            GluR1, GluRA             *GRIA1*
  GluA2                            GluR2, GluRB             *GRIA2*
  GluA3                            GluR3, GluRC             *GRIA3*
  GluA4                            GluR4, GluRD             *GRIA4*

^\*^IUPHR: International Union of Basic and Clinical Pharmacology.

Adapted from Collingridge et al. ([@B22a]).

Much of what we know about the activity-dependent regulation of AMPAR function has come from studies of synaptic plasticity involving long-term potentiation (LTP) and long-term depression (LTD), which are thought to be the cellular basis for memory formation and proper wiring of circuits during development. However, it was recognized early on that typical LTP- and LTD-type of synaptic modifications need to be adequately balanced to maintain homeostasis of the system. Specifically, many network models of LTP and LTD require normalization or other mechanisms to stabilize the overall activity of the neural network, otherwise the innate positive feedback of LTP and LTD destabilizes net neuronal activity and prevents meaningful synaptic modifications (Bienenstock et al., [@B11]; Bear et al., [@B9]; Miller and Mackay, [@B85]; Turrigiano and Nelson, [@B121]). There are diverse modes of homeostatic regulation of neural responses, ranging from adjustment of excitatory and inhibitory synaptic gain (Lissin et al., [@B66]; O\'Brien et al., [@B86]; Rutherford et al., [@B98]; Turrigiano et al., [@B120]; Burrone et al., [@B17]; Chang et al., [@B18]; Gao et al., [@B32]; Kim and Alger, [@B54]), changes in intrinsic excitability (Desai et al., [@B25]; Aizenman et al., [@B2]; Pratt and Aizenman, [@B92]; Maffei and Turrigiano, [@B76]), and alterations in the induction mechanisms of LTP and LTD (Bienenstock et al., [@B11]; Bear et al., [@B9]; Quinlan et al., [@B93],[@B94]). While these require distinct mechanisms of neural regulation, they all share a common feature in that they allow neurons to maintain homeostasis despite on-going alterations in input activity and synaptic modifications. Therefore, homeostatic plasticity mechanisms are thought to be especially important during development where there is massive activity-dependent adjustment of neural circuits and synapses, and during periods of heightened plasticity, as would occur during regeneration and recovery following injury. Since the main focus of this review is to provide information on the role of CP-AMPARs in homeostatic synaptic plasticity, the discussion will be focused on the synaptic scaling mode of homeostatic regulation of excitatory synapses. In addition, known molecular mechanisms and potential functional consequences will be discussed.

Synaptic scaling of excitatory synapses
=======================================

According to the synaptic scaling model, postsynaptic neuronal activity is homeostatically adjusted by modifying the synaptic drive (Turrigiano et al., [@B120], [@B119]; Turrigiano and Nelson, [@B121]). Synaptic scaling of excitatory synaptic transmission was initially demonstrated in cortical and spinal cord neuronal cultures via pharmacological manipulation of neuronal activity (O\'Brien et al., [@B86]; Turrigiano et al., [@B120]). A key finding was that the strength of AMPAR-mediated excitatory synaptic transmission was enhanced as neuronal activity decreases, but increased after inhibiting neuronal activity. A fundamental feature of synaptic scaling is to allow neurons to maintain their average firing rate within a dynamic range for effective information transfer (Turrigiano et al., [@B120]; Turrigiano and Nelson, [@B121]). While it has not been explicitly stated, changes in synaptic drive can in principle alter the integration properties of synapses and potentially alter the induction threshold for LTP and LTD (see Section "Potential Functional Consequences of Regulating CP-AMPARs" for details).

While the initial studies of synaptic scaling described this phenomenon as a global change in synaptic strength across most of the synapses on a given neuron, it is now clear that synaptic scaling can also operate at specific synapses to individually tune to their own activity \[reviewed in (Turrigiano, [@B119])\]. Global homeostatic changes are cell autonomous and hence can be induced by specifically blocking action potentials in the postsynaptic neuron by restricting tetrodotoxin (TTX) application to the postsynaptic soma (Ibata et al., [@B47]) or expressing inward-rectifying K^+^ channels in the postsynaptic neuron (Burrone et al., [@B17]). Similarly, increasing firing mainly in the postsynaptic neuron using optogenetics was sufficient to scale up synapses (Goold and Nicoll, [@B37]). On the other hand, synapse-specific homeostatic plasticity is observed following selective manipulation of presynaptic activity. For example, expressing inward-rectifying K^+^ channels (Beique et al., [@B10]) in a subset of presynaptic neurons specifically decreases synaptic transmission and triggers scaling up of those specific inputs. In addition, global blockade of neuronal activity by TTX can target specific sets of synapses in an intact network to produce input-specific homeostatic changes (Kim and Tsien, [@B55]). In these experiments, TTX led to homeostatic adjustment at synapses serving the feed-forward circuits, but opposite changes at feedback inputs. Collectively, these results suggest that there are largely two distinct modes of synaptic scaling: one that targets the majority of synapses, and the other being more selective to a restricted set of synapses. While the details of how these two forms of synaptic scaling interact need to be ironed out, there is some evidence that the underlying molecular mechanisms may differ \[reviewed in (Turrigiano, [@B119])\]. For example, input-specific synaptic scaling has been shown to occur via local inhibition of NMDAR and dendritic synthesis of GluA1-containing CP-AMPARs, while regulation of somatic Ca^2+^ transients and transcriptional events have been linked to global synaptic scaling. However, there are exceptions to these cases. Also, *in vivo* sensory experience-induced homeostatic synaptic plasticity can be global or restricted to a subset of synapses depending on the age of the animals or the particular neurons studied in an intact circuit (Goel et al., [@B34]; Goel and Lee, [@B35]; Gao et al., [@B32]; Petrus et al., [@B89]).

One of the postsynaptic changes associated with synaptic scaling is the regulation of AMPA receptor function. Synaptic scaling is observed as an increase in AMPAR-mediated miniature excitatory postsynaptic current (mEPSC) amplitude following inhibition of neuronal activity, and a decrease in AMPAR-mEPSC amplitude after a period of enhanced neuronal activity (O\'Brien et al., [@B86]; Turrigiano et al., [@B120]). These functional changes are often accompanied by the regulation of synaptic AMPAR content (O\'Brien et al., [@B86]; Ju et al., [@B51]; Thiagarajan et al., [@B116]; Wierenga et al., [@B126]). Incubating neuronal cultures in TTX or AMPAR antagonist (e.g., CNQX) for a period (hours to days) to block neuronal activity causes an accumulation of AMPARs at synapses that correlates with increases in AMPAR-mEPSC amplitude. On the other hand, increasing neuronal activity by incubating neurons in antagonists of GABA~*A*~ receptors (e.g., bicucullin or picrotoxin), decreases synaptic AMPAR content and AMPAR-mEPSC amplitude. It is imperative to point out that synaptic scaling also has been shown to alter the frequency of AMPAR-mEPSCs (Thiagarajan et al., [@B117], [@B116]), which may be restricted to certain synapses (Kim and Tsien, [@B55]) and/or dependent on the developmental stage of the neurons (Wierenga et al., [@B127]). The alteration in AMPAR-mEPSC frequency is often interpreted as changes in the number of functional synapses, and can be mediated by either altering presynaptic function or postsynaptic silencing/unsilencing of synapses. Whether synaptic scaling is observed as changes in AMPAR-mEPSC amplitude or frequency, it is often accompanied by alterations in synaptic CP-AMPAR content (Thiagarajan et al., [@B117], [@B116]; Ju et al., [@B51]; Sutton et al., [@B112]; Aoto et al., [@B5]; Beique et al., [@B10]) \[but see (Gainey et al., [@B31]; Anggono et al., [@B3])\].

Synaptic scaling type of homeostatic plasticity has been observed *in vivo* in different preparations. In line with the *in vitro* pharmacological activity manipulations, *in vivo* application of TTX to CA1 increases neuronal excitability, which correlated with an increased in AMPAR-mEPSC frequency or both frequency and amplitude depending on the developmental age of the animal (Echegoyen et al., [@B27]). More importantly, manipulation of *in vivo* sensory experience has been shown to produce homeostatic changes at cortical synapses. In particular, depriving vision scales up excitatory synapses in the visual cortex (Desai et al., [@B24]; Maffei et al., [@B75]; Goel et al., [@B34], [@B36]; Goel and Lee, [@B35]; Maffei and Turrigiano, [@B76]; Petrus et al., [@B89]), while re-exposing the visually deprived animals to light scales down the synapses (Goel et al., [@B34], [@B36]; Goel and Lee, [@B35]; Gao et al., [@B32]; Petrus et al., [@B89]). Interestingly, the sensory experience-induced homeostatic synaptic changes are mainly observed as regulation of the amplitude of AMPAR-mEPSCs with little effect on the frequency. This suggests that the *in vivo* sensory experience-dependent changes are mainly postsynaptic in nature at the level of AMPAR regulation. Furthermore, under certain conditions of sensory deprivation, the homeostatic regulation of AMPAR function with sensory experience is accompanied by changes in the level of synaptic CP-AMPARs (Goel et al., [@B34], [@B36]).

CP-AMPAR regulation and homeostatic synaptic plasticity
=======================================================

Studies of synaptic scaling highlight that the one of the main molecular mechanisms is the regulation of postsynaptic AMPARs. Hours to days of neuronal inactivity or decreased sensory input to neurons results in synaptic accumulation of AMPAR subunits (O\'Brien et al., [@B86]; Ju et al., [@B51]; Thiagarajan et al., [@B116]; Wierenga et al., [@B126]; Goel et al., [@B34], [@B36]; Sutton et al., [@B112]; Aoto et al., [@B5]). While most studies agree on the accumulation of the GluA1 (or GluR1) subunit of AMPARs, there is varying degree of observations regarding the GluA2 (or GluR2) subunit. For instance, several studies reported that pharmacologically inhibiting neural activity increases synaptic GluA1 in cultured neurons often without much change in the GluA2 subunit levels (Lissin et al., [@B66]; Ju et al., [@B51]; Thiagarajan et al., [@B116]; Aoto et al., [@B5]). The increase in synaptic GluA1 requires local translation of GluA1 mRNA in the dendrites (Ju et al., [@B51]; Sutton et al., [@B112]; Maghsoodi et al., [@B77]), and is regulated by retinoic acid (RA) signaling (Aoto et al., [@B5]; Maghsoodi et al., [@B77]; Poon and Chen, [@B91]). This inactivity-induced increase in GluA1 results in accumulation of CP-AMPARs at synapses, which is detected as the appearance of polyamine sensitive AMPAR-mEPSCs (Thiagarajan et al., [@B116]; Sutton et al., [@B112]). Similarly, experience-dependent homeostatic synaptic plasticity observed in visual cortex is also associated with a rather selective regulation of GluA1 and CP-AMPAR at synapses as measured biochemically in isolated postsynaptic density (PSD) preparations and appearance of inward rectifying AMPAR currents (Goel et al., [@B34], [@B36]). In this case, phosphorylation of the GluA1 subunit of AMPAR on the major cAMP-dependent protein kinase (PKA) site, serine-845 (S845) (Roche et al., [@B95]), correlated with and was necessary for scaling up AMPAR-mEPSCs with visual deprivation (Goel et al., [@B34], [@B36]).

While many studies suggest regulation of GluA1 and CP-AMPARs during synaptic scaling, this is not universally observed. There are reports that pharmacologically blocking neuronal activity in dissociated neuronal cultures up-regulates both GluA1 and GluA2 subunits at synapses (O\'Brien et al., [@B86]; Wierenga et al., [@B126]; Anggono et al., [@B3]), and is dependent on the GluA2 regulatory mechanisms (Gainey et al., [@B31]; Anggono et al., [@B3]). The discrepancy in results needs to be clarified, but one proposal is that it may depend on the means of blocking neuronal activity. It was been suggested that blocking neuronal firing alone may trigger a global synaptic scaling that regulates both GluA1 and GluA2 subunits, while blocking NMDAR in conjunction with activity blockade may specifically target a subset of synapses and recruit CP-AMPARs (Turrigiano, [@B119]). Indeed, studies reporting concurrent GluA1 and GluA2 regulation with synaptic scaling have used either TTX to block action potentials or CNQX to block AMPAR driven synaptic activity (O\'Brien et al., [@B86]; Wierenga et al., [@B126]; Gainey et al., [@B31]; Anggono et al., [@B3]). On the other hand, combining TTX with NMDAR antagonist APV results in GluA1 regulation with minimal effect on the synaptic levels of GluA2 (Ju et al., [@B51]; Sutton et al., [@B112]; Aoto et al., [@B5]; Maghsoodi et al., [@B77]). Furthermore, synapse-specific inhibition of presynaptic activity also leads to the appearance of CP-AMPARs at synapses (Beique et al., [@B10]). However, there are cases where activity blockade alone without specific NMDAR inhibition can regulate GluA1 (Thiagarajan et al., [@B116]), hence there may be other variables at work. *In vivo* scaling triggered by sensory manipulations can cause preferential regulation of GluA1 and synaptic trafficking of CP-AMPARs (Goel et al., [@B34], [@B36]), or lead to synaptic increase in Ca^2+^-impermeable (CI)-AMPARs dependent on GluA2 regulatory mechanisms (Gainey et al., [@B31]). As will be discussed later, this discrepancy may lie in the pattern of sensory loss (see Section "Potential Functional Consequences of Regulating CP-AMPARs").

Molecular mechanisms of CP-AMPAR regulation
===========================================

The regulation of CP-AMPARs at synapses is widely utilized under various synaptic plasticity mechanisms \[reviewed in (Isaac et al., [@B49]; Liu and Zukin, [@B70])\]. Synaptic expression of CP-AMPARs is presumably very tightly regulated, especially in pyramidal neurons where there is very little basal expression. This is quite distinct from inhibitory interneurons with a larger subpopulation expressing GluA2 lacking CP-AMPARs at synapses (McBain and Dingledine, [@B83]; Bochet et al., [@B12]; Otis et al., [@B88]; Isa et al., [@B48]; Washburn et al., [@B124]). Synaptic CP-AMPARs display properties distinct from CI-AMPARs in that they are Ca^2+^ permeable, have larger single channel conductance and faster kinetics, and display voltage-dependent blockade by intracellular polyamines (Hollmann et al., [@B44]; Bowie and Mayer, [@B13]; Donevan and Rogawski, [@B26]). The faster kinetics of CP-AMPAR-mediated synaptic responses would benefit synapses that require precise temporal signaling, and the larger conductance together with the voltage-dependent block would allow more efficient synaptic integration. Furthermore, the polyamine block can be relieved by a period of high frequency activity (Rozov et al., [@B97]; Rozov and Burnashev, [@B96]), which will allow CP-AMPAR containing synapses to function differently depending on the recent history of synaptic activity.

A more thorough understanding of activity-dependent CP-AMPAR regulation has come from studies of the stellate cells in the cerebellum. These interneurons express CP-AMPARs at synapses under basal conditions, but high frequency activity replaces CP-AMPARs to GluA2-containing CI-AMPARs (Liu and Cull-Candy, [@B71], [@B68]). This process is termed CP-AMPAR plasticity (CARP), and involves GluA2 interaction with Protein Interacting with C-Kinase 1 (PICK1) and *N*-ethylmaleimide-sensitive fusion protein (NSF) (Gardner et al., [@B33]; Liu and Cull-Candy, [@B69]). In addition, activation of both CP-AMPARs and Group 1 mGluRs are necessary to support CARP (Kelly et al., [@B52]). Recently, it was reported that CARP at the parallel fiber input to the stellate cells can be induced by emotional stress and require transcription of GluA2 mRNA (Liu et al., [@B73]). These results suggest that increased neuronal activity triggers GluA2 synthesis, which then traffic to synapses via PICK1 and NSF-dependent mechanisms. The activity-dependent switch from CP-AMPAR to CI-AMPAR would dampen the excitatory drive, hence will in a way act to maintain neuronal homeostasis.

Unlike the interneurons, excitatory synapses of the principal neurons primarily express CI-AMPARs. However, CP-AMPARs can be recruited to these synapses in an activity-dependent manner in various preparations \[reviewed in (Liu and Zukin, [@B70])\]. Furthermore, in some brain areas, CP-AMPARs are present on pyramidal neurons during early development. For instance, CP-AMPARs are present at postnatal ages 5--8 days (P5--P8) in a subset of synapses on CA1 neurons (Stubblefield and Benke, [@B110]), and similarly present at synapses of layer 5 pyramidal neurons until around P15 (Kumar et al., [@B56]; Shin et al., [@B105]). Collectively, these observations suggest that synaptic expression of CP-AMPARs in principal neurons is tightly regulated.

Initial evidence that hinted of CP-AMPAR recruitment to synapses of pyramidal neurons was from experiments where GluA1 homomers were exogenously expressed into CA1 pyramidal neurons in organotypic hippocampal slice cultures. In one of the initial studies, over-expression of GluA1 resulted in assembly of Ca^2+^-permeable GluA1 homomers, which were recruited for synaptic transmission following LTP induction (Hayashi et al., [@B41]). It is noteworthy that even in the over-expression system, synaptic trafficking of GluA1 homomers is strictly dependent on high frequency activity, NMDAR activation, and recruitment of CaMKII signaling (Hayashi et al., [@B41]). This suggests a high degree of regulation of GluA1 CP-AMPAR synaptic localization. Subsequent studies have reported that native CP-AMPARs can be transiently recruited to synapses following LTP and subsequently replaced by CI-AMPARs in hippocampal slices (Plant et al., [@B90]), albeit this is not universally observed (Adesnik and Nicoll, [@B1]; Gray et al., [@B38]; Volk et al., [@B122]). There are reports that this discrepancy may stem from specific requirement of CaMKI signaling (Guire et al., [@B40]; Fortin et al., [@B30]), the transient nature of the synaptic CP-AMPARs (Plant et al., [@B90]), or the specific developmental age of the animal (Lu et al., [@B72]). Alternatively, the changes may only happen at a subset of synapses. Furthermore, it was recently suggested that CP-AMPAR synaptic trafficking may differ in distinct brain areas. For instance, there is evidence that hippocampal CA1 synapses are more resilient to CP-AMPAR expression than synapses in the primary visual cortex (He et al., [@B42]; Lee and Kirkwood, [@B61]).

GluA1-dependent mechanisms
--------------------------

In several preparations, homeostatic synaptic scaling has been shown to regulate CP-AMPARs (see Section "CP-AMPAR Regulation and Homeostatic Synaptic Plasticity"), and the main mechanism depends on the regulation of synaptic GluA1 content (Figure [1](#F1){ref-type="fig"}). Inactivity results in synaptic accumulation of GluA1 subunits without much change in the GluA2 levels in dissociated neuronal cultures (Thiagarajan et al., [@B116]; Sutton et al., [@B112]; Maghsoodi et al., [@B77]), which correlates with synaptic appearance of polyamine sensitive CP-AMPAR current (Thiagarajan et al., [@B116]; Sutton et al., [@B112]). This effect is largely accelerated by inhibition of NMDAR-mediated mEPSCs (NMDAR-mEPSCs) (Sutton et al., [@B112]), and involves local dendritic synthesis of GluA1 subunits (Ju et al., [@B51]; Sutton et al., [@B112]; Maghsoodi et al., [@B77]; Poon and Chen, [@B91]). The local synthesis of GluA1 could in principle result in accumulation of CP-AMPARs at a specific set of synapses. Hence, concurrent blockade of action potentials and NMDAR-mEPSCs has been suggested to mediate synapse-specific scaling with CP-AMPAR expression, which is distinct from global cell-wide synaptic scaling (Turrigiano, [@B119]). However, blocking neuronal activity without an NMDAR antagonist can also up-regulate CP-AMPARs (Thiagarajan et al., [@B116]; Lindskog et al., [@B65]; Beique et al., [@B10]; Groth et al., [@B39]), which suggests that NMDAR blockade is not a requirement.

![**Regulation of CP-AMPARs in homeostatic synaptic plasticity. (A)** Inactivity-induced synaptic expression of CP-AMPARs. Inactivity leads to local synthesis of GluA1. One mechanism is via RA signaling, where RA binds to RARα to relieve translational inhibition of GluA1 mRNA. Newly synthesized GluA1 containing CP-AMPARs are then eventually trafficked to the synapse (PSD, postsynaptic density). Cell surface expression of GluA1 containing CP-AMPARs is likely tied to phosphorylation of GluA1-S845. In visual cortex, the increase in extrasynaptic GluA1 leads to synaptic accumulation, however, in hippocampus an extra regulatory step from perisynaptic to synaptic trafficking may be needed. Inactivity driven synaptic localization of CP-AMPARs also depend on CaMKIIβ activity, which may act on GluA1-S831 phosphorylation. Synaptic expression of CP-AMPARs may occur in conjunction with removal of CI-AMPARs via GluA2-dependent mechanisms. **(B)** Removal of synaptic CP-AMPARs following an increase in neural activity. The increase in neuronal activity following a period of inactivity results in up-regulation of immediate early genes such as Arc and Homer1a. Both of these proteins lead to endocytosis of AMPARs. However, this process is not likely specific to CP-AMPARs and would result in removal of CI-AMPARs as well (not depicted in the figure). Homer1a acts to produce agonist-independent activation of Group 1 mGluRs by displacing long forms of Homer1. Homer1a signaling is specific for activity-dependent homeostatic scaling down of excitatory synapses. On the other hand, Arc is also involved in AMPAR endocytosis following mGluR-LTD.](fnmol-05-00017-g0001){#F1}

Inactivity-driven local synthesis of GluA1 and synaptic scaling are mimicked by application of RA (Aoto et al., [@B5]). Retinoic acid receptor alpha (RARα) has been shown to bind to the 5′-untranslated region (UTR) of GluA1 mRNAs, which represses its basal translation. Inactivity leads to dendritic accumulation of RARα to dendritic RNA granules (Maghsoodi et al., [@B77]) and synthesis of RA (Aoto et al., [@B5]) in dissociated hippocampal neuronal cultures. Activation of RARα by RA relieves the translational repression leading to local synthesis of GluA1 (Maghsoodi et al., [@B77]; Poon and Chen, [@B91]). These results provide a mechanism for regulating dendritic synthesis of GluA1 following inactivity (Ju et al., [@B51]; Sutton et al., [@B112]; Aoto et al., [@B5]) (Figure [1A](#F1){ref-type="fig"}). While cell surface levels of AMPARs correlate with synaptic content (Kessels et al., [@B53]), simply over-expressing GluA1 does not normally lead to synaptic accumulation of functional GluA1 homomers in organotypic hippocampal slice cultures (Hayashi et al., [@B41]). Therefore, regulated synaptic trafficking of GluA1 containing CP-AMPARs is likely needed during synaptic scaling.

Synaptic trafficking of GluA1 homomers during LTP depends critically on CaMKII activation (Hayashi et al., [@B41]) and actin binding motor proteins myosin Va (Correia et al., [@B22]) and myosin Vb (Wang et al., [@B123]). While CaMKII activity is necessary for LTP (Malinow et al., [@B79]; Silva et al., [@B106]) and synaptic insertion of AMPARs (Hayashi et al., [@B41]), these are both independent of the phosphorylation on the GluA1-S831 site (Hayashi et al., [@B41]; Lee et al., [@B63]). Actin based motor proteins are involved in mobilizing AMPAR containing vesicles, and in particular myosin Vb is activated by Ca^2+^ and suggested to mobilize recycling endosomes for synaptic insertion of AMPARs (Wang et al., [@B123]). There is evidence that CaMKII function is also involved in synaptic scaling (Thiagarajan et al., [@B117]). Distinct isoforms of CaMKII have been suggested to respond to inactivity, such that CaMKIIα is down-regulated mainly by inhibiting NMDAR activity and CaMKIIβ is up-regulated by antagonizing AMPAR function in dissociated hippocampal neuronal cultures (Thiagarajan et al., [@B117]). Hence the balance of CaMKIIα and CaMKIIβ subunits has been suggested to regulate the polarity of synaptic scaling (Thiagarajan et al., [@B117]). In line with this, knocking down CaMKIIβ expression prevented the inactivity-induced increase in GluA1, in addition to preventing scaling up of mEPSC amplitude and frequency (Groth et al., [@B39]). This suggests that GluA1 synaptic localization depends on CaMKIIβ. Interestingly, the increase in mEPSC frequency following inactivity was triggered by Ca^2+^ influx through the synaptic CP-AMPARs and retrograde signaling to enhance presynaptic vesicle turnover (Lindskog et al., [@B65]). This suggests that synaptic incorporation of CP-AMPARs alters not only postsynaptic function, but also coordinates an increase in presynaptic release when activity blockade is removed.

Many studies have shown that the synaptic localization of GluA1 is dependent on phosphorylation of key residues, one of which is the serine-845 (S845) \[reviewed in (Lee, [@B57])\]. S845 is a major PKA phosphorylation site on the GluA1 subunit (Roche et al., [@B95]), and is targeted by various neuromodulators linked to cAMP signaling (Chao et al., [@B19]; Hu et al., [@B45]; Seol et al., [@B102]). Manipulations that increase GluA1-S845 phosphorylation have been shown to enhance cell surface expression of GluA1-containing AMPARs (Sun et al., [@B111]; Oh et al., [@B87]; Man et al., [@B80]; Goel et al., [@B36]; He et al., [@B42]) via promoting receptor recycling to the plasma membrane (Ehlers, [@B28]). And the GluA1-S845 site is considered a necessary pre-requisite step in synaptic trafficking of GluA1-containing AMPARs during LTP (Esteban et al., [@B29]). On the flip side, dephosphorylation of GluA1-S845 is correlated with endocytosis of AMPARs (Ehlers, [@B28]; Lee et al., [@B62]; Man et al., [@B80]), and is necessary for LTD in hippocampus and visual cortex (Lee et al., [@B60], [@B62], [@B63]; Seol et al., [@B102]). These results highlight that a reversible regulation of GluA1-S845 phosphorylation is key in bidirectional synaptic plasticity \[reviewed in (Lee and Huganir, [@B59])\]. Furthermore, visual deprivation-induces scaling up of mEPSCs and the appearance of synaptic CP-AMPARs is correlated with an increase in GluA1-S845 phosphorylation in visual cortex (Goel et al., [@B34], [@B36]), and is abolished in mice specifically lacking this phosphorylation site (GluA1-S845A mice) (Goel et al., [@B36]). This suggests a pivotal role of S845 phosphorylation in cell surface and synaptic targeting of GluA1 containing CP-AMPARs, likely GluA1 homomers. Furthermore, the GluA1-S845 site is necessary for maintaining a perisynaptic pool of CP-AMPARs, which could be recruited to participate in synaptic transmission upon Group 1 mGluR activation (He et al., [@B43]). This suggests that GluA1-S845 phosphorylation is likely a pre-requisite for synaptic recruitment of CP-AMPARs to synapses. Consistent with this idea, enhancing GluA1-S845 phosphorylation alone increases mEPSC amplitude at visual cortex synapses, but it is not sufficient for producing multiplicative synaptic scaling as seen with visual deprivation (Goel et al., [@B36]). Therefore, there are likely additional signals needed, besides GluA1-S845 phosphorylation, which allows normal multiplicative synaptic scaling. This is reminiscent of the role of GluA1-S845 in LTP, where it "primes" LTP but the ultimate induction is dependent on NMDAR activation (Oh et al., [@B87]; Seol et al., [@B102]). In any case, collectively these results suggest that synaptic regulation of GluA1 during LTP/LTD and homeostatic synaptic plasticity is surprisingly conserved. This would suggest that despite different neural activity required for induction, the neurons utilize similar downstream AMPAR regulatory mechanisms to postsynaptically alter the strength of excitatory synaptic transmission.

In addition to GluA1-S845, CaMKII phosphorylation of GluA1-S831 site has been implicated in LTP (Barria et al., [@B7]; Lee et al., [@B58]). However, the role of this site in homeostatic synaptic plasticity is not as clear. This may be because unlike LTP, which requires CaMKIIα (Silva et al., [@B106]), scaling up of mEPSCs depends more on CaMKIIβ (Thiagarajan et al., [@B117]; Groth et al., [@B39]). Interestingly, mice lacking the GluA1-S831 site display abnormal synaptic scaling of visual cortex synapses, such that visual deprivation scales down mEPSCs, which is opposite from what is observed in wild-type mice (Goel et al., [@B36]). Similarly, knocking down CaMKIIβ in dissociated neuronal cultures results in scaling down of mEPSCs with inactivity (Groth et al., [@B39]). Therefore, it is plausible that phosphorylation of GluA1-S831, perhaps via CaMKIIβ signaling, may play a yet to be determined function in homeostatic up-regulation of excitatory synaptic strength. However, phosphorylation of this site does not always correlate with scaling up of mEPSCs, at least in the *in vivo* models of synaptic scaling of cortical synapses (Goel et al., [@B34], [@B36]). Therefore, further research is needed to clarify the role of GluA1-S831 phosphorylation in homeostatic synaptic plasticity.

GluA2-dependent mechanisms
--------------------------

In addition to GluA1-dependent mechanisms, there is evidence that regulation of GluA2 is involved in homeostatic regulation of CP-AMPARs. Most of the studies on the role of GluA2 in homeostatic synaptic plasticity come from experimental conditions where CP-AMPAR regulation is not observed (Gainey et al., [@B31]; Anggono et al., [@B3]). For example, expressing GluA2 carboxy-terminal (ct), but not GluA1-ct, prevents scaling up of mEPSCs with inactivity (Gainey et al., [@B31]). Also, knocking out GluA2 interacting protein PICK1 occludes scaling up of mEPSCs with inactivity (Anggono et al., [@B3]). In these two studies done in dissociated cortical cultures, scaling up of mEPSCs was triggered by TTX and was not accompanied by synaptic localization of CP-AMPARs (Gainey et al., [@B31]; Anggono et al., [@B3]). These results would suggest that GluA2-dependent mechanisms may dominate TTX-induced homeostatic synaptic scaling involving CI-AMPARs. However, as will be discussed later, there is some indication that GluA2-dependent mechanisms may contribute to CP-AMPAR regulation during homeostatic synaptic plasticity. The GluA2-ct contains numerous binding regions for various interacting molecules, such as NSF, PICK1, and glutamate receptor interacting protein (GRIP)/AMPA receptor binding protein (ABP) \[reviewed in (Song and Huganir, [@B108])\]. The interaction of GluA2 with these binding partners regulates its cell-surface expression and synaptic targeting. In particular, binding of PICK1 and GRIP/ABP to the c-terminal extreme PDZ ligand region of GluA2 (-SVKI~COOH~), is tightly regulated by phosphorylation of S880 present at the -3 site (Matsuda et al., [@B82]; Chung et al., [@B20]). Phosphorylation of GluA2-S880 shifts the preference of binding from GRIP to PICK1, and this change in interaction is critical for the endocytosis of AMPARs and expression of LTD (Chung et al., [@B20]; Matsuda et al., [@B81]; Seidenman et al., [@B101]). At cerebellar stellate cell synapses, activity-dependent removal of CP-AMPARs requires NSF, PICK1, and GRIP interactions (Gardner et al., [@B33]; Liu and Cull-Candy, [@B69]). Therefore, it is possible that GluA2 interaction with its binding partners is involved in scaling down of synapses, which is when the removal of CP-AMPARs occurs. The idea is that CP-AMPAR removal may be coordinated with replacement by CI-AMPARs, but it is possible that both CP-AMPARs and CI-AMPARs are removed together to scale down synapses (Figure [1B](#F1){ref-type="fig"}). Moreover, it is also likely that GluA2-binding molecules play a role in CP-AMPAR expression at synapses with inactivity (Figure [1A](#F1){ref-type="fig"}). It was observed that PICK1 over-expression increases AMPAR-EPSCs and appearance of synaptic CP-AMPARs in acute cultured hippocampal slices (Terashima et al., [@B114]), which depends on NMDAR activation (Terashima et al., [@B115]). Furthermore, sensory experience-induced synaptic CP-AMPAR expression in barrel cortex also depends on PICK1 (Clem et al., [@B21]). Therefore, PICK1-dependent endocytosis of GluA2-containing AMPARs may occur in conjunction with GluA1-dependent CP-AMPAR synaptic targeting. Whether GluA2-dependent mechanisms play a role in homeostatic synaptic plasticity under conditions that recruit CP-AMPARs needs to be verified experimentally.

Potential interaction between GluA1- and GluA2-dependent mechanisms
-------------------------------------------------------------------

Most of our understanding on the mechanisms of GluA1- and GluA2-dependent regulation of AMPAR derives from studies of homomeric receptors. However, it is clear that the majority of native AMPARs in the principal neurons are heteromeric complexes of GluA1 and GluA2 (Wenthold et al., [@B125]; Lu et al., [@B74]). Therefore, the native AMPARs have the potential for regulation via both subunits. However, there are only few studies addressing how the different subunits dependent mechanisms may interact to regulate synaptic AMPARs by activity. Most of the evidence suggests that synaptic trafficking of AMPAR is dominated by specific subunits depending on the subunit unit composition of the AMPAR and the direction of trafficking. For example, synaptic trafficking of GluA1/GluA2 heteromers in organotypic hippocampal slices follows the pattern of GluA1 homomers in that it requires neuronal activity, which differs from constitutive synaptic accumulation of GluA2/GluA3 heteromers (Shi et al., [@B104]). On the other hand, agonist-induced internalization of GluA1/GluA2 heteromers follow a similar pattern of sorting as GluA2 homomers and are targeted to lysosomes rather than like GluA1 homomers which remain in recycling endosomes (Lee et al., [@B64]).

In the case of homeostatic synaptic scaling, GluA1-dependent mechanism may dominate for inactivity-induced scaling up of synapses, because most studies are done on native AMPARs, which are mainly GluA1/GluA2 heteromers, and involve synaptic expression of CP-AMPARs, likely GluA1-homomers (Figure [1A](#F1){ref-type="fig"}). While this is the case for most studies (see Section "GluA1-Dependent Mechanisms" for Details), there are studies suggesting dependence on GluA2 (Section "GluA2-Dependent Mechanisms"). Whether the discrepancy is due to differences in how neuronal inactivity was achieved (e.g., TTX only or in combination with APV) or involves other experimental parameters is unclear at this point. However, considering that both GluA1 and GluA2 dependent mechanisms have been suggested to play a role in sensory experience-induced homeostatic synaptic plasticity (Goel et al., [@B34], [@B36]; Gainey et al., [@B31]), there are likely interactions between the two modes of regulation. On the other hand, activity-dependent scaling down of synapses may utilize both GluA1- and GluA2-dependent mechanisms, because synaptic removal of CP-AMPARs (Figure [1B](#F1){ref-type="fig"}) may occur together with down-regulation of GluA1/GluA2 heteromers. In any case, further studies are needed to determine the exact nature of the interaction between GluA1- and GluA2-dependent mechanisms, and how each mechanism is recruited under different circumstances during homeostatic adaptation.

Possible induction mechanisms
-----------------------------

So far the studies reviewed above suggest a rather surprising conservation of AMPAR regulatory mechanisms between LTP/LTD type of synaptic plasticity and homeostatic synaptic plasticity. This was initially unexpected, since these two types of synaptic plasticity mechanisms are triggered by almost opposite changes in neuronal activity. For example, LTP is induced by a brief increase in patterned neural activity, while homeostatic scaling up of synapses is induced by a rather prolonged duration of inactivity. Then, how do these two distinct patterns of neuronal activity recruit similar downstream AMPAR regulatory mechanisms to strengthen synapses? The answer probably lies in the distinct induction mechanisms and initial signaling pathways that converge downstream to tap into AMPAR regulatory mechanisms. One signaling candidate that may distinguish LTP and LTD from homeostatic synaptic plasticity may be Group 1 mGluRs. While Group 1 mGluRs have also been implicated to play a role in various forms of LTP and LTD, a recent study suggests that different modes of activating this receptor may be a key component. A recent study suggested that switching Group 1 mGluR from an agonist-dependent to agonist-independent mode by an immediate early gene Homer1a is critical for homeostatic synaptic scaling in cultured cortical neurons (Hu et al., [@B46]). Group 1 mGluRs undergo two distinct mode of activation: one that is agonist-dependent and the other that is agonist-independent (Ango et al., [@B4]). Agonist-independent activation requires the expression of Homer1a, which then displaces mGluR interaction with the long forms of Homer1. Because Homer1a expression is triggered by neuronal activity (Brakeman et al., [@B14]), it allows increased neuronal activity to cause constitutive activation of mGluRs (Ango et al., [@B4]). Preventing agonist-independent activity of both mGluR1 and mGluR5 scales up mEPSCs and prevents activity-induced scaling down (Hu et al., [@B46]). Furthermore, Homer1a KO shows larger basal mEPSCs and more synaptic AMPARs, and lack scaling up and down of mEPSCs (Hu et al., [@B46]). Homer1a seems specific for homeostatic synaptic plasticity, especially because it is not required for mGluR-LTD (Hu et al., [@B46]), which also is a form of activity-dependent synaptic weakening. These results collectively suggest that one of the key differences between AMPAR down-regulation during homeostatic synaptic plasticity and LTD may be at the level of recruiting Homer1a signaling (Figure [1B](#F1){ref-type="fig"}). However, it is important to note that in addition to Homer1a mediated scaling down of mEPSCs, there is an independent parallel pathway mediated by another immediate early gene Arc (Shepherd et al., [@B103]; Gao et al., [@B32]; Beique et al., [@B10]), which is independent of Group 1 mGluR signaling (Hu et al., [@B46]) (Figure [1B](#F1){ref-type="fig"}). Further studies are needed to determine how these two signaling pathways interact or are recruited differentially to mediate scaling down of synapses.

In the case of inactivity-driven homeostatic scaling up of mEPSCs, a decrease in somatic Ca^2+^ signal and CaMKIV mediated somatic transcriptional regulation has been implicated (Ibata et al., [@B47]). However, this is likely applicable for global cell-wide synaptic scaling. For scaling up synapses locally, a synapse-specific decrease in Ca^2+^ via inactivation of NMDAR may be responsible. And as discussed previously, a local synthesis of GluA1 and trafficking of these receptors to synapses is required (see Section "GluA1-Dependent Mechanisms").

Potential functional consequences of regulating CP-AMPARs
=========================================================

Synaptic recruitment of CP-AMPARs during homeostatic synaptic plasticity suggests that the postsynaptic signaling during synaptic transmission under basal conditions and after a period of inactivity is distinct. Due to their faster kinetics and activity-dependent polyamine block, CP-AMPARs will alter the pattern of synaptic summation. Faster decay kinetics (Hollmann et al., [@B44]) predict a diminished summation at low input frequencies, and the activity-dependent relief from polyamine block will enhance the summation of synaptic responses following a period of high input activity (Rozov et al., [@B97]; Rozov and Burnashev, [@B96]). In this sense, synaptic CP-AMPARs are expected to endow the synapses to act in accordance with prior input activity. In addition, because of their Ca^2+^ permeability, they can potentially trigger postsynaptic signaling cascades that depend on Ca^2+^. Induction of postsynaptic forms of LTP/LTD is critically dependent on the magnitude and temporal profile of postsynaptic Ca^2+^ transients, such that larger transients induce LTP and smaller/prolonged Ca^2+^ signals produce LTD (Malenka et al., [@B78]; Yang et al., [@B129]). Furthermore, manipulation of postsynaptic Ca^2+^ transients has been shown to slide the LTP/LTD induction threshold (Cummings et al., [@B23]). While the "sliding threshold" theory is mainly considered to act on NMDAR regulations (Bear, [@B8]), the theory itself does not specify the mechanism as to how the LTP/LTD induction threshold slides (Bienenstock et al., [@B11]; Bear et al., [@B9]). Therefore, in principle, the trafficking of Ca^2+^-permeable AMPA receptors (CP-AMPARs) to synapses could alter the Ca^2+^ signature and affect LTP/LTD induction. In support of this, mice expressing CP-AMPARs at synapses (i.e., GluR2 knockouts) produce LTP (Jia et al., [@B50]; Meng et al., [@B84]; Wiltgen et al., [@B128]) solely mediated by Ca^2+^ through CP-AMPARs (Asrar et al., [@B6]) and even at hyperpolarizing membrane potentials (Wiltgen et al., [@B128]). However, how CP-AMPARs contribute to synapses with predominantly CI-AMPARs is unknown. In principle, the extra Ca^2+^ influx through CP-AMPARs could add to the traditional means of Ca^2+^ elevation at synapses, such as through NMDARs or voltage-gated Ca^2+^ channels. Further studies are needed to determine whether the addition of CP-AMPARs to synapses can alter the synaptic modification threshold.

Homeostatic regulation of CP-AMPARs is observed *in vivo* following change in sensory experience. For instance, several days of visual deprivation causes synaptic incorporation of CP-AMPARs (Goel et al., [@B34], [@B36]). This suggests that homeostatic regulation of CP-AMPARs may play an adaptive role for the cortex deprived of its primary inputs. However, the synaptic incorporation of CP-AMPARs seems specific to the mode of visual deprivation and is observed when rearing the animals in the dark (e.g., dark-rearing or dark-exposure) (Goel et al., [@B34], [@B36]), but not when vision is deprived by intraocular TTX injections (Gainey et al., [@B31]). These two modes of visual deprivation affect neural activity differently. For instance, dark-rearing/dark-exposure type of manipulation only silences visually-driven activity but leaves spontaneous retinal activity intact, while intraocular TTX injections will silence them both. How these differences contribute to synaptic regulation of CP-AMPARs is unknown, but considering the differential requirement of neural activity in GluA1- and GluA2-dependent AMPAR trafficking, it is perhaps not a surprise. Synaptic trafficking of GluA1-containing AMPARs critically depends on neuronal activity, but GluA1-lacking AMPARs (i.e., GluA2/GluR3 heteromers) can get to synapses constitutively (Shi et al., [@B104]). Perhaps coordinated action of both GluA1- and GluA2-dependent mechanisms support synaptic CP-AMPAR incorporation (Figure [1A](#F1){ref-type="fig"}), and GluA2-only mechanisms may cause homeostatic synaptic scaling without CP-AMPAR expression. In line with this interpretation, dark-rearing/dark-exposure causes appearance of CP-AMPAR and scaling up of mEPSCs in visual cortex synapses, which depend on GluA1 phosphorylation (Goel et al., [@B34], [@B36]). On the other hand, intraocular TTX injection scales up mEPSCs without CP-AMPARs at synapses, and is dependent on GluA2-ct but not GluA1-ct (Gainey et al., [@B31]). In any case, the homeostatic regulation of CP-AMPARs is expected to alter synaptic function so as to decrease the threshold for LTP induction. This will allow the cortex deprived of its primary inputs to strengthen connections that were previously subthreshold for LTP. This may provide a way for recruiting the deprive cortex for processing previously weak inputs, such as those arising from other sensory systems. In line with this, it was proposed that homeostatic synaptic plasticity induced in primary sensory cortices following visual deprivation may be cellular substrates of cross-modal plasticity (Goel et al., [@B34]). For instance, scaling up of excitatory synapses and synaptic recruitment of CP-AMPARs in primary visual cortex by visual deprivation could allow recruitment of visual cortical neurons for processing previously subthreshold auditory or tactile inputs, which could explain the recruitment of primary visual cortex when blind individuals read Braille (Sadato et al., [@B100], [@B99]; Buchel et al., [@B15]). A similar case scenario may apply to cortical areas denervated by injury, where the deprived cortical area may use homeostatic recruitment of CP-AMPARs for enhancing plasticity to recover function. Whether this is the case is unknown, but many neuronal injury and insult models report up-regulation of CP-AMPARs \[e.g., (Liu et al., [@B67]; Spaethling et al., [@B109])\].

Concluding remarks
==================

In many brain regions, the regulation of CP-AMPARs is rather tightly controlled, perhaps due to the fact that excess Ca^2+^ through these receptors can lead to neurotoxicity \[reviewed in (Tanaka et al., [@B113]; Liu and Zukin, [@B70])\]. Consistent with this, many interneurons, which normally express CP-AMPARs at synapses, also express a variety of Ca^2+^ binding proteins. Despite the potentially negative impacts CP-AMPARs may have on neuronal function, they possess unique properties, which may benefit synaptic function, especially under conditions that trigger homeostatic adaptation to inactivity. However, even under homeostatic synaptic plasticity conditions, synaptic expression of CP-AMPARs is not universally observed, which underscores the high degree of regulation and specific circumstances required for CP-AMPARs to function at synapses. Despite the rather specific requirements, homeostatic CP-AMPAR regulation is readily observed (Thiagarajan et al., [@B117], [@B116]; Ju et al., [@B51]; Goel et al., [@B34]; Sutton et al., [@B112]; Aoto et al., [@B5]; Beique et al., [@B10]), and depend on specific signals that tap into local protein synthesis in the dendrites (Sutton et al., [@B112]; Maghsoodi et al., [@B77]) as well as synaptic trafficking dependent on phosphorylation of the GluA1 subunit (Goel et al., [@B36]). Furthermore, CP-AMPAR regulation during homeostatic synaptic plasticity is not an isolated observation *in vitro*, but is also observed *in vivo* following certain paradigms of sensory deprivation (Goel et al., [@B34], [@B36]). While there are predicted functional consequences of having CP-AMPARs at synapses, how these receptors actually contribute to altering brain function following inactivity requires further studies.

Conflict of interest statement
------------------------------

The author declares that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

The author would like to thank Dr. A. Kirkwood for helpful comments on this manuscript and Ms. E. Petrus for help on the manuscript. This work was support by a NIH grant (R01-EY014882) to Hey-Kyoung Lee.

[^1]: Edited by: R. Suzanne Zukin, Albert Einstein College of Medicine, USA

[^2]: Reviewed by: Kei Cho, University of Bristol, UK; Matthias Kneussel, Zentrum für Molekulare Neurobiologie Hamburg, Germany
